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ABSTRACT The microbiome of blood-sucking arthropods can shape their competence
to acquire and maintain infections with vector-borne pathogens. We used a controlled
study to investigate the interactions between Borrelia afzelii, which causes Lyme borreliosis
in Europe, and the bacterial microbiome of Ixodes ricinus, its primary tick vector. We
applied a surface sterilization treatment to /. ricinus eggs to produce dysbiosed tick larvae
that had a low bacterial abundance and a changed bacterial microbiome compared to
those of the control larvae. Dysbiosed and control larvae fed on B. afzelii-infected mice
and uninfected control mice, and the engorged larvae were left to molt into nymphs. The
nymphs were tested for B. afzelii infection, and their bacterial microbiome underwent 16S
rRNA amplicon sequencing. Surprisingly, larval dysbiosis had no effect on the vector com-
petence of I ricinus for B. afzelii, as the nymphal infection prevalence and the nymphal
spirochete load were the same between the dysbiosed group and the control group. The
strong effect of egg surface sterilization on the tick bacterial microbiome largely disap-
peared once the larvae molted into nymphs. The most important determinant of the bac-
terial microbiome of I ricinus nymphs was the B. afzelii infection status of the mouse on
which the nymphs had fed as larvae. Nymphs that had taken their larval blood meal from
an infected mouse had a less abundant but more diverse bacterial microbiome than the
control nymphs. Our study demonstrates that vector-borne infections in the vertebrate
host shape the microbiome of the arthropod vector.

IMPORTANCE Many blood-sucking arthropods transmit pathogens that cause infectious dis-
ease. For example, Ixodes ricinus ticks transmit the bacterium Borrelia afzelii, which causes
Lyme disease in humans. Ticks also have a microbiome, which can influence their ability to
acquire and transmit tick-borne pathogens such as B. afzelii. We sterilized I. ricinus eggs
with bleach, and the tick larvae that hatched from these eggs had a dramatically reduced
and changed bacterial microbiome compared to that of control larvae. These larvae fed on
B. afzelii-infected mice, and the resultant nymphs were tested for B. afzelii and for their
bacterial microbiome. We found that our manipulation of the bacterial microbiome had no
effect on the ability of the tick larvae to acquire and maintain populations of B. afzelii. In
contrast, we found that B. afzelii infection had dramatic effects on the bacterial microbiome
of I ricinus nymphs. Our study demonstrates that infections in the vertebrate host can
shape the tick microbiome.
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nfectious diseases vectored by arthropods impose an enormous burden on human health

(1-3). For successful transmission, however, vector-borne pathogens must contend with
the community of other microbiota that inhabit the arthropod vector (4-7), and it is now
clear that endogenous microbes can shape the competence of diverse arthropod vectors in
acquiring and transmitting pathogens (8-12). Experimental perturbations of the bacterial
microbiome (dysbiosis) via the use of antibiotics or other methods have, in various contexts,
been shown to either increase or decrease the susceptibility of arthropods to colonization
by vector-borne pathogens (8, 10, 12, 13). In particular, the introduction of the intracellular
bacterium Wolbachia into mosquito vectors (14) can dramatically reduce mosquito compe-
tence to vector arboviruses, malaria parasites, and filarial nematodes (15-17). This negative
effect of Wolbachia on vector competence appears to be mediated through the innate
immune system of the arthropod host, rendering the mosquito less susceptible to infection
by diverse pathogens (15-17). Similarly, Enterobacter bacteria in the midguts of anopheline
mosquitoes produce reactive oxygen species that can kill malaria parasites (9). Such direct
and indirect antagonistic interactions have formed the basis of increasingly sophisticated bi-
ological control strategies that include the ongoing use of Wolbachia to control dengue virus
transmission by Aedes mosquitoes (3, 14, 18, 19).

Hard ticks (family Ixodidae) are among the most important vectors of infectious disease
in the Northern Hemisphere, transmitting numerous pathogens that include the causative
agents of Lyme borreliosis, anaplasmosis, babesiosis, and tick-borne encephalitis (20-23). In
particular, the increasing incidence of Lyme borreliosis and other tick-borne diseases in parts
of Europe and North America has underscored the public health risks associated with hard
ticks (24-28). Ixodid ticks also contain a microbiome that lives in the tick midgut and other
tissues and that is inherited from the mother via transovarial transmission or acquired from
the environment (4, 6, 29-31). Recent work on the black-legged tick (Ixodes scapularis) has
suggested that perturbations of the tick’s bacterial microbiome can influence tick susceptibil-
ity to common tick-borne pathogens by affecting the integrity of the tick midgut (8, 12).
Conversely, studies have shown that infection with tick-borne pathogens can alter the bacte-
rial microbiome of ticks with unknown consequences for the fitness of ticks and the R, of
these tick-borne diseases (8). More studies on other systems are needed to better under-
stand the generality and importance of these reciprocal interactions between tick-borne
pathogens and the tick bacterial microbiome.

Lyme borreliosis is caused by tick-borne spirochete bacteria that belong to the
Borrelia burgdorferi sensu lato genospecies complex (32, 33). Borrelia burgdorferi sensu
lato is transmitted among vertebrate hosts by hard ticks that belong to the genus
Ixodes (21, 34). To understand how B. burgdorferi sensu lato can interact with the tick
microbiome, it is necessary to have a basic knowledge of the life cycle (21, 34). Ixodes
ticks consist of four stages, namely, egg, larva, nymph, and adult; larvae, nymphs, and
adult females require a blood meal to molt into the next stage or to produce eggs.
There is no vertical transmission of B. burgdorferi sensu lato from infected female ticks
to their eggs, and hatched larvae are uninfected (35-37). Larvae acquire B. burgdorferi
sensu lato when they blood feed on an infected vertebrate host (38); the spirochetes
colonize the tick midgut where they persist after the larva molts into a nymph (39-41).
The nymphs transmit B. burgdorferi sensu lato back to the vertebrate host, and this
stage is critical for the epidemiology because the density of nymphs determines the
force of infection in nature (34). The vector competence of adult female ticks is mostly
irrelevant for the epidemiology, because this stage feeds on vertebrate hosts that are
incompetent for the spirochete (42, 43). In summary, the microbiome in the midgut of
the larval stage is expected to influence the acquisition, transstadial transmission of B.
burgdorferi sensu lato, and vector competence of the subsequent epidemiologically
critical nymphal stage (4, 6).

We used a controlled experiment with tick offspring derived from field-collected
adult female ticks to investigate the reciprocal interactions between Borrelia afzelii, an
important cause of Lyme borreliosis in Europe (44), and the bacterial microbiome of the castor
bean tick (Ixodes ricinus), its primary vector. We found that surface sterilization of /. ricinus eggs
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(with 10% bleach and 70% ethanol) had profound effects on the bacterial microbiome of /. rici-
nus larvae, but this larval dysbiosis had no effect on the subsequent vector competence of /.
ricinus for B. afzelii (as measured in the nymphal stage). The strong effects of egg surface sterili-
zation on the larval bacterial microbiome did not persist to the nymphal stage, suggesting
that the tick bacterial microbiome returned to a common state following the larval blood
meal and larva-to-nymph development. In contrast, larval feeding on B. afzelii-infected mice
had dramatic effects on the composition and diversity of the bacterial microbiome in the sub-
sequent nymphs. Our study shows that B. afzelii infection in the vertebrate host shapes the
bacterial microbiome of nymphs, with unclear consequences for tick fitness and the transmis-
sion of tick-borne pathogens. A better understanding of the interactions between B. afzelii
and the bacterial microbiome of |. ricinus might provide insights into the biological control of
tick-borne diseases.
(An earlier version of this study was submitted to an online preprint archive [45].)

RESULTS

Top 10 OTUs in the bacterial microbiome of I. ricinus. We analyzed the bacterial
microbiomes separately for the larvae and the nymphs (see section 4 in the supplemental
material for details). The top 10 operational taxonomic units (OTUs) accounted for 90.2%
and 73.4% of the standardized number of reads for the pools of larvae and the individual
nymphs, respectively, and are shown in Table 1. The list of bacterial genera that we found in
our immature /. ricinus ticks is similar to other studies that have used deep sequencing of
the 16S rRNA gene to characterize the bacterial microbiome of 1. ricinus (46, 47).

Egg surface sterilization reduced the bacterial microbiome of I. ricinus larvae.
Egg surface sterilization reduced the abundance of bacteria associated with tick larvae
at 6 weeks after hatching (see section 5 in the supplemental material for details), as
shown by a 27.5-fold decrease in the ratio of the bacterial 16S rRNA gene copy number
to the tick calreticulin gene copy number (here, the 16S rRNA/calreticulin gene ratio,
scored via quantitative PCR [gPCR]) in dysbiosed larvae versus control larvae (N=29
evaluable samples; linear mixed-effects model [LMM], P < 1075; 16S rRNA/calreticulin
gene ratios were 0.24 versus 6.61, respectively) (Fig. 1A). In contrast, washing larvae
with ethanol prior to DNA extraction, which is expected to reduce the external bacte-
rial microbiome (but see reference 48), did not have a significant effect on the 16S
rRNA/calreticulin gene ratio (LMM, P = 0.120) (Fig. 1A).

We used 16S rRNA amplicon sequencing to determine the effects of the treatments
(egg surface sterilization and ethanol washing prior to DNA extraction) on the larval
bacterial microbiome. Multivariate analysis of the larval bacterial microbiome using distance-
based redundancy analysis (db-RDA) revealed that egg surface sterilization led to a clear shift
in the 16S rRNA community, whereas there was no discernible effect of washing the larvae
with ethanol prior to DNA extraction (db-RDA, based on Bray-Curtis dissimilarities of log,q
OTU abundances, conditioned by tick family; permutation tests, P < 0.001 and 0.727, respec-
tively) (Fig. 1B). The most significantly (proportionally) enriched taxon in the dysbiosed larvae
was OTU2, annotated as “Candidatus Midichloria mitochondrii,” which is an endosymbiont
of I. ricinus that we expect should not be affected by egg bleaching (Fig. 1C) (adjusted P
value [P,q] < 105 shown are the log,, read counts per thousand mapped reads). In con-
trast, egg bleaching significantly reduced the relative abundance of OTU23, annotated as
Pseudomonas, in the dysbiosed larvae, which suggests that this bacterium is found on the
surface of the eggshell (Fig. 10) (P, < 1073). Other significant effects associated with egg
surface sterilization included an increase in Methylobacterium, a taxon implicated as a poten-
tial contaminant of laboratory reagents (49, 50). No OTUs changed significantly by washing
larvae with ethanol prior to DNA extraction (all P,y > 0.05).

In summary, egg surface sterilization dramatically reduced the 16S rRNA/calreticulin
gene ratio and shifted the microbial community composition in /. ricinus larvae measured at
6 weeks after hatching. Egg bleaching probably reduced the relative abundance of bacteria
associated with the egg surface and thereby increased the relative abundance of endosym-
biont bacteria. The lack of an observed effect of washing the larvae with ethanol prior to
DNA extraction (on both microbial abundance and microbial diversity) suggests that either
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FIG 1 Egg surface sterilization decreases the abundance of the bacterial microbiome in I. ricinus
larvae. Each of 10 egg clutches was split into two batches; one batch was surface sterilized (10%
bleach for 5min, 70% ethanol for 3 min) to create dysbiosed larvae, and the other batch was bathed
in distilled water to create the control larvae. At 6 weeks after hatching, duplicate pools of dysbiosed
and control larvae were frozen; prior to DNA extraction, one pool was washed with 70% ethanol, and
the other pool was not washed (10 families x 2 egg surface treatments x 2 larval pool washing
treatments =40 pools). (A) The pools of 6-week-old dysbiosed larvae (labeled “bleach”) had a ratio of
bacterial 16S rRNA to tick calreticulin that was ~27.5-fold lower than that for the 6-week-old control
larvae (labeled “water;” P < 0.001); ethanol washing of the larval pools prior to DNA extraction
(P > 0.05) had no effect on the ratio of 16S rRNA to calreticulin genes. (B) Egg surface sterilization, but
not washing with ethanol prior to DNA extraction, led to significant shifts in the bacterial community of /.
ricinus larvae, as measured by 16S rRNA amplicon sequencing and db-RDA (P < 0.001 and P > 0.05,
respectively). The larvae hatching from bleached eggs and water-washed eggs are shown in tan and
blue, respectively, whereas for the ethanol washing treatment prior to DNA extraction, unwashed and
washed are shown with triangles and circles, respectively. (C) The most enriched taxon in response to
egg surface sterilization was OTU2, which was annotated as “Candidatus Midichloria mitochondrii”
(P,4;<<0.001). In contrast, the most depleted taxon was OTU23, which was annotated as Pseudomonas.
The y axis has units of number of read counts per thousand mapped reads. Colored points in boxplots
represent individual data points (pooled larvae, colored by the tick family; N=10).
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this washing treatment was not effective for the larvae or that the external bacterial micro-
biome was a minor component of the 16S rRNA diversity in our lab-hatched tick larvae.

The I ricinus nymphs acquired B. afzelii during their larval blood meal from
infected mice. According to the flagellin gPCR (n=289; see section 6 in the supple-
mental material for details), the prevalence of B. afzelii infection in the unfed nymphs
was 71.0% (130/183) in the infected group compared to 2.8% (3/106) in the uninfected
control group. The 3 gPCR-positive nymphs in the uninfected control group were false
positives, as they had high quantification cycle (C,) values (see section 6 in the supplemental
material for details). This expected result shows that the /. ricinus nymphs acquired B. afzelii
strain NE4049 during their larval blood meal from infected mice but not from uninfected
control mice. Reads annotated to the genus Borrelia (highest abundance OTU annotated as
Borrelia was OTU357) were also detected in our 16S rRNA amplicon library, but this OTU
accounted for only 0.066% of the total number of 16S rRNA reads in the nymphs (see sec-
tion 6 in the supplemental material for details). The prevalence of these Borrelia-annotated
reads in the unfed nymphs was 49.4% (80/162) in the infected group compared to 5.5% (8/
146) in the uninfected control group (see section 6 in the supplemental material for details).
For the subset of nymphs that had fed as larvae on the infected mice, we found a strong
correlation in the nymphal spirochete load of B. afzelii between the flagellin gene gPCR and
the 16S rRNA amplicon library (r=0.647, t=10.694, df =159, P < 1079) (see section 6 in the
supplemental material for details). Although the two methods gave similar results, the flagel-
lin gene gPCR was more sensitive than 165 rRNA amplicon sequencing.

Manipulation of the larval bacterial microbiome has no effect on the acquisition of
B. afzelii. We screened I. ricinus nymphs for B. afzelii infection via flagellin gene qPCR
and found no evidence that manipulation of the larval bacterial microbiome affected
vector competence (see section 7 in the supplemental material for details). The B. afze-
lii infection prevalence in nymphs was 68.2% (58/85) versus 73.5% (72/98) in the con-
trol and dysbiosed groups, respectively (binomial generalized linear mixed effects
model [GLMM], P = 0.44, N =183) (Fig. 2A). The nymphal spirochete load in the control
group (n=58 nymphs; mean = 41.7 units; 95% confidence interval [Cl] = 25.1 to 69.2
units [units equal flagellin gene copies per 1,000 calreticulin gene copies]) was compa-
rable to that of the dysbiosed group (n=72 nymphs; mean = 42.7 units; 95% Cl = 6.3
to 67.6 units; LMM, P = 0.964) (Fig. 2B). Thus, although the egg surface sterilization was
highly effective at reducing the bacterial microbiome in larvae, it did not affect the sus-
ceptibility of these larvae to infection with B. afzelii during or following the larval blood
meal. A retrospective power analysis found that our study had a power of ~80% to
detect an ~30% difference in the nymphal infection prevalence and a 5-fold difference
in the nymphal spirochete load between the control group and the dysbiosed group
(see section 8 in the supplemental material for details).

Interestingly, washing the nymphs with ethanol prior to DNA extraction increased the
copy numbers of the flagellin gene and the calreticulin gene by a factor of 2.1 (P = 0.0005)
and 1.7 (P = 0.0001), respectively, compared to those in the unwashed nymphs (see section 7
in the supplemental material for details). However, as washing the nymphs with ethanol prior
to DNA extraction roughly doubled the copy numbers of both the flagellin gene and the cal-
reticulin gene, the log,-transformed ratio of these two genes was not affected (P = 0.266).

The bacterial microbiome largely recovers in the unfed I. ricinus nymphs. Although
egg surface sterilization strongly reduced the 16S rRNA/calreticulin gene ratio in the
larvae, there was no effect of egg surface sterilization on the 16S rRNA/calreticulin
gene ratio in the nymphs (LMM, P = 0.272, N=356) (Fig. 2C; see also section 9 in the
supplemental material for details). This result suggests that the tick bacterial micro-
biome recovered after the dysbiosed larvae took a blood meal and molted into
nymphs. Nymphs that had fed as larvae on B. afzelii-infected mice and were washed
with ethanol prior to DNA extraction had a 16S rRNA/calreticulin gene ratio that was
significantly lower than those of the other groups (interaction, P < 10~%) (Fig. 2C). A
more detailed analysis of this interaction suggested that B. afzelii infection reduced the
16S rRNA gene copy number by 41.1% (P < 107°), whereas ethanol washing of the
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FIG 2 Dysbiosing 1. ricinus larvae does not affect their vector competence for B. afzelii. Dysbiosed
larvae and control larvae were fed on B. afzelii-infected mice and uninfected control mice. Engorged
larvae were left to molt into nymphs, which were tested for their B. afzelii infection status and
bacterial abundance at 4 weeks after the larva-to-nymph molt. For panels A and B, vector
competence is only shown for the subset of nymphs that fed as larvae on the B. afzelii-infected mice;
the nymphs that fed as larvae on the uninfected control mice are not shown. (A) The percentages of
nymphs that acquired B. afzelii during their larval blood meal were similar between the control group
(labeled “water”) and the dysbiosed group (labeled “bleach”) (P > 0.05). (B) The nymphal spirochete
loads, measured as the ratio of the Borrelia flagellin gene to the tick calreticulin gene, were similar
between the control group (labeled “water”) and the dysbiosed group (labeled “bleach”) (P > 0.05).
For panels A and B, there was no effect of ethanol washing prior to DNA extraction of the nymphs
on vector competence (all P > 0.05). (C) There was a significant interaction between B. afzelii
infection status of the mouse and ethanol washing of the dead nymphs prior to DNA extraction.
Feeding on B. afzelii-infected mice decreased the bacterial load in /. ricinus nymphs that were washed
with ethanol prior to DNA extraction (P < 0.001), but the negative effect of B. afzelii infection on the
bacterial load was not significant in the unwashed nymphs.

nymphs prior to DNA extraction increased the calreticulin gene copy number by 28.8%
(P =0.0007) (see section 9 in the supplemental material for details).

Host infection with B. afzelii has pervasive effects on the bacterial microbiome
of I. ricinus nymphs. We used 16S rRNA amplicon sequencing to compare the effects
of the treatments (egg surface sterilization, B. afzelii infection, and ethanol washing
prior to DNA extraction) and stage (larva versus nymph) on the tick bacterial micro-
biome. We again restricted these analyses to the 40 most abundant OTUs. As
expected from prior reports (31, 51), there was a clear shift in the tick bacterial micro-
biome from larvae to nymphs (Fig. 3 and 4). The bacterial microbiome of the larvae
was dominated by three genera, Stenotrophomonas (order Xanthomonadales),
Pseudomonas (order Pseudomonadales), and Rahnella (order Enterobacteriales) (Fig. 3
and 4; Table 1). In the nymphs, the relative abundance of other genera, such as
Midichloria (order Rickettsiales), Mesorhizobium (order Rhizobiales), and Variovorax
(order Burkholderiales) increased dramatically, whereas two of the larva-dominant
genera (Pseudomonas and Rahnella) had largely disappeared (Fig. 3 and 4; Table 1).
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FIG 3 Tick stage and B. afzelii infection affect the tick bacterial microbiome. Heat map of the
numbers of reads assigned (log,,[x + 1] per thousand) for the top 20 OTUs across all samples in the
experiment. Highest taxonomy reliably assigned by Metaxa2 is shown. Dendrograms are based on
hierarchical clustering of Bray-Curtis dissimilarities using Ward’s method. The bacterial microbiome of
the . ricinus larvae was less diverse than the bacterial microbiome of I. ricinus nymphs. Larvae had
high numbers of Pseudomonas (OTU1) and Rahnella (OTU31), whereas nymphs had high numbers of
Sphingomonadales (OTU13) and Midichloria (OTU2). There was a dramatic effect of B. afzelii infection
status in the mice on the bacterial microbiome in I. ricinus nymphs. For example, nymphs that fed as
larvae on B. afzelii-infected mice had high numbers of Mesorhizobium (OTU6) and Variovorax (OTU35),
whereas nymphs that fed as larvae on uninfected mice had high numbers of Stenotrophomonas
(OTU5 and OTU30). In contrast, the effects of the egg surface sterilization treatment on the bacterial
microbiome of the larvae mostly disappeared from the nymphal stage.

There were no obvious differences in the bacterial microbiomes between the dysbiosed
nymphs and the control nymphs (Fig. 3, 4, and 5). The effect of egg surface sterilization on the
bacterial microbiome in the nymphs differed among the three community ecology analyses:
db-RDA (P < 0.001), Shannon diversity index (P = 0.038), and principal-coordinate analysis
(PCoA) axis 1 (PCoA1; P = 0.533). Similarly, the effect of ethanol washing prior to DNA extrac-
tion on the bacterial microbiome in the nymphs differed among the three community ecology
analyses: db-RDA (P = 0.014), Shannon diversity index (P = 0.306), and PCoA1 (P = 0.063).

In contrast, there was a striking effect of B. afzelii infection in the mouse on the bacte-
rial microbiome in the nymphs (Fig. 3, 4, and 5). Compared to the control nymphs that
had fed as larvae on uninfected mice, nymphs that had fed as larvae on B. afzelii-infected
mice had a lower relative abundance of Stenotrophomonas (order Xanthomonadales) and
higher relative abundances of other genera such as Midichloria (order Rickettsiales),
Mesorhizobium (order Rhizobiales), and Variovorax (order Burkholderiales) (Fig. 3, 4, and
5). The effect of B. afzelii infection in the mouse on the bacterial microbiome in the
nymphs was statistically significant for three community ecology analyses (see section
10 in the supplemental material for details): db-RDA (P < 0.001), Shannon diversity index
(P =0.0007) (Fig. 5A), and PCoA1 (P < 107'9) (Fig. 5B). The most abundant Borrelia-anno-
tated OTU (OTU357) in the nymphs accounted for 0.066% of the total sequence reads
and was ranked 71st in rank abundance (see section 6 in the supplemental material for
details). Thus, a direct contribution of sequenced Borrelia 165 rRNA amplicons in infected
ticks does not explain these strong patterns.

The nymphs in the B. afzelii-infected group had a Shannon diversity index (mean =
2.32; 95% Cl = 2.22 to 2.42) that was 10.5% higher than that for the nymphs in the control
group (mean = 2.10; 95% Cl = 2.00 to 2.20) (Fig. 5A). Infection with B. afzelii appears to
increase bacterial microbiome diversity by having disproportionately negative impacts on
abundant OTUs (e.g., Stenotrophomonas), leading to increased community evenness (Fig. 3
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FIG 4 Tick stage and B. afzelii infection affect the tick bacterial microbiome. (A) Compositions of
treatment groups and life stages of I ricinus ticks, with top 40 OTUs of the bacterial microbiome
aggregated (as mean of samples per group) at the genus level. (B) As for panel A but at the order
level. The bacterial microbiome of the I. ricinus larvae was dominated by Stenotrophomonas (order
Xanthomonadales), Pseudomonas (order Pseudomonadales), and Rahnella (order Enterobacteriales).
The relative abundance of the genus Midichloria (order Rickettsiales) was higher in the larvae that
hatched from surface-sterilized eggs (bleach +) than in the larvae that hatched from the control eggs
(bleach —). There is a dramatic change in the bacterial microbiome as larvae develop into nymphs.
The relative abundances of two genera, Pseudomonas (order Pseudomonadales) and Rahnella (order
Enterobacteriales), decreased dramatically from larvae to nymphs. In contrast, the relative abundances
of many other genera increased dramatically from larvae to nymphs, including Stenotrophomonas
(order Xanthomonadales), Midichloria (order Rickettsiales), Mesorhizobium (order Rhizobiales), and
Variovorax (order Burkholderiales). For the bacterial microbiome of the nymphs, the relative abundance
of Stenotrophomonas (order Xanthomonadales) was much higher in the uninfected control group than
in the B. afzelii-infected group. In contrast, the relative abundances of the genera Midichloria (order
Rickettsiales), Mesorhizobium (order Rhizobiales), and Variovorax (order Burkholderiales) were much lower in the
uninfected control group than in the B. afzelii-infected group. In summary, tick developmental stage and B.
afzelii infection status of the mouse have dramatic effects on the bacterial microbiome of immature /.
ricinus ticks.

and 4). The positive effect of B. afzelii infection on the Shannon diversity index of the bacterial
microbiome in the nymphs (Fig. 5A) is a mirror image of the negative effects of mouse B. afzelii
infection status on the 16S rRNA/calreticulin gene ratio in the nymphs (Fig. 2), suggesting that
these results are mediated by disproportionate negative effects on abundant bacterial OTUs.
Visual comparison of the nymphs produced by uninfected mice (control nymphs)
versus the two types of nymphs produced by infected mice (uninfected nymphs and
infected nymphs) demonstrated that it was mouse infection status rather than tick
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FIG 5 Infection with B. afzelii increases the bacterial microbiome diversity in I ricinus nymphs. (A) Effects of egg
surface sterilization and B. afzelii infection on the Shannon diversity index of the bacterial microbiome of I. ricinus
nymphs. Nymphs are classified depending on whether they fed as larvae on an uninfected control mouse (green) or a
B. afzelii-infected mouse (pink). Infection with B. afzelii in the mouse increased the Shannon diversity of the nymph
bacterial microbiome. Comparison of linear mixed-effects models (LMMs) with Akaike’s information criterion (AIC)
found that mouse infection status was a stronger predictor than tick infection status of the Shannon diversity of the
nymph bacterial microbiome (AAIC=3.441). Points represent individual tick nymphs colored by family of origin. (B)
Principal-coordinate analysis (PCoA) of the 16S rRNA counts in the nymphs, colored by experimental factors; B. afzelii
infection status in the mouse best stratifies groups on PCoA axis 1 (PCoA1). Comparison of LMMs with AIC found that

mouse infection status was a stronger predictor than tick infection status of PCoA1 (AAIC =48.248).

infection status that was most important for determining the nymphal bacterial micro-
biome (Fig. 5B). A comparison of two competing models with Akaike’s information cri-
terion (AIC) found that mouse infection status was a much stronger predictor than tick
infection status (see section 10 in the supplemental material for details) for both the
Shannon diversity index (AAIC=3.441) and especially the multivariate bacterial com-
munity (AAIC=48.248 in models using PCoA1 as the response variable) (Fig. 5B). This
result suggests that the effects of B. afzelii on the nymph bacterial microbiome were
caused by physiological or immunological characteristics of infected mice rather than
the direct effects of B. afzelii infection in the ticks.

Microbial correlates of infection with B. afzelii. To characterize the changes in the
nymphal tick bacterial microbiome associated with B. afzelii infection, we used negative
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FIG 6 Infection with B. afzelii changes the bacterial microbiome in I ricinus nymphs. Here, B. afzelii
infection status refers to whether the nymphs took their larval blood meal from an uninfected control
mouse (“control” group on the x axis) or an infected mouse (“infected” group on the x axis). Of the
40 most abundant OTUs, the relative abundance of 19 OTUs was significantly different (P, < 0.05)

adj
between nymphs in the uninfected control group and nymphs in the infected group. Thesej19 OTUs
are color coded according to whether they belong to 4 bacterial classes: Alphaproteobacteria (red),
Betaproteobacteria (green), Gammaproteobacteria (cyan), or Planctomycetia (purple). The effect of B.
afzelii infection differed among bacterial taxa (Fisher's exact test P = 0.004); the relative abundance
increased significantly for many OTUs in the class Betaproteobacteria (green), whereas it decreased
significantly for many OTUs in the class Gammaproteobacteria (cyan).

binomial models implemented in phyloseq/DESeq2. Feeding on B. afzelii-infected mice
led to significant changes in the relative frequencies of many OTUs (with 19/40 signifi-
cant at P,y < 0.05) (Fig. 6). The effect of B. afzelii infection differed among bacterial taxa;
the relative abundance increased significantly for many OTUs in the class Betaproteobacteria
(genera included Burkholderia, Variovorax, and Ralstonia), whereas it decreased significantly
for many OTUs in class Gammaproteobacteria (genera included Stenotrophomonas,
Pseudomonas, and Rahnella) (Fisher's exact test, P = 0.004) (Fig. 6). Our analysis of the nymph
bacterial microbiome also found that egg surface sterilization significantly increased the rela-
tive abundance of several OTUs, including two Burkholderia OTUs (class Betaproteobacteria;
P4 < 0.01) and a Bradyrhizobium OTU (class Alphaproteobacteria; P,y; < 0.01); both of these
taxa have been implicated as potential contaminants of laboratory reagents (49, 52).
Washing the nymphs with ethanol prior to DNA extraction increased the relative abundance
of the endosymbiotic “Candidatus Midichloria mitochondrii” and Spiroplasma (class
Mollicutes) by 2.5-fold and 1.7-fold, respectively (P,; < 0.01), which suggests that ethanol
washing enriches the internal tick bacterial microbiome relative to the external tick bacterial
microbiome.

DISCUSSION

Egg surface sterilization manipulates the bacterial microbiome in /. ricinus larvae.
Arthropods can acquire their microbiota by different routes; obligate endosymbionts
(i.e., that provide critical vitamins or nutrients) are often inherited from the mother via
transovarial transmission, whereas other components of the microbiota (e.g., gut and
cuticle) are acquired from the environment (4, 6, 30, 53). Most studies that manipulate
the tick bacterial microbiome do so by inoculating engorged females with antibiotics,
which blocks or reduces the transovarial transmission of the obligate endosymbionts
from the mother to her offspring (53-60). In contrast, the gut symbionts of some
arthropods are vertically transmitted by superficial bacterial contamination of eggs
(egg smearing) (61), and these bacteria can be killed with sterilizing agents such as
bleach. Our decision to use egg surface sterilization was inspired by several studies on
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hemipteran insects that have shown that it is highly effective for manipulating the gut
bacterial microbiome in the instars that hatch from those eggs (62-65). An important
point is that our egg surface sterilization treatment had no biologically relevant effects
on the hatching success or on five other life history traits of the immature /. ricinus
ticks, including engorged larval weight, unfed nymphal weight, larva-to-nymph molt-
ing success, larva-to-nymph molting time, and larva-to-nymph survival (66).

At 6 weeks after hatching, the abundance of bacteria (as measured by gPCR of the
16S rRNA gene) in the dysbiosed larvae that hatched from surface-sterilized eggs was
28 times lower than that in the control larvae that had hatched from control eggs (Fig.
1A). Egg surface sterilization also changed the composition of the larval bacterial
microbiome (Fig. 1B); for example, dysbiosed larvae had a higher relative abundance
of the endosymbiont “Candidatus Midichloria mitochondrii” (order Rickettsiales) than
the control larvae (Fig. 1C). This suggests that egg bleaching removed bacteria from
the egg surface, which enhanced the relative abundance of tick endosymbionts inher-
ited via the transovarial route. Our results are comparable to an earlier study by
Narasimhan et al. (12) on the tick Ixodes scapularis, which created dysbiosed and con-
trol larvae by allowing eggs to hatch in sterile versus nonsterile tubes. That study also
found that the dysbiosed larvae had a lower abundance of bacteria and a different bac-
terial microbiome compared to those of the control larvae (12). A study on I. scapularis
found that lab-hatched larvae had much lower bacterial diversity than field-collected
larvae, suggesting that field-acquired bacteria are important for the larval microbiome
(31). Taken together, these studies suggest that the larvae of I. ricinus and I. scapularis
obtain a substantial component of their bacterial microbiome from the eggs and the
external environment shortly after hatching. In the present study, the source of the
bacteria on the surfaces of the eggs was not clear, but studies on insects have revealed
a diversity of mechanisms by which mothers can transmit bacteria to their offspring
(61, 67). Adult female Ixodes ticks die during oviposition, and the eggs remain in close
contact with the carcass of the dead female, which could facilitate mother-offspring
transmission of the bacteria. Regardless of the mechanism, egg surface sterilization is
an exciting method to understand the importance of environmentally acquired bacte-
ria in the early stages of the tick life cycle (4).

Effects of egg surface sterilization disappeared by the nymphal stage. Studies
on numerous tick species have shown that the tick bacterial microbiome can change
dramatically after a blood meal and is therefore often different between stages (51,
68-71). Although egg surface sterilization decreased the bacterial abundance 28-fold
in the 6-week-old dysbiosed larvae compared to that in the control larvae, this differ-
ence had disappeared in the unfed nymphs at 4 weeks after the larva-to-nymph molt.
Our results agree with the study by Narasimhan et al. (12) on I. scapularis where the dif-
ference in bacterial abundance (as measured by 16S rRNA gPCR) between dysbiosed
and control groups of unfed larvae disappeared once the unfed larvae took a blood
meal. Analysis of the 16S rRNA diversity also found that the compositions of the bacte-
rial microbiome were similar between nymphs that were derived from dysbiosed lar-
vae and control larvae (Fig. 3 and 4). In general, the diversity (richness and evenness)
of the bacterial microbiome was higher in the unfed nymphs than in the unfed larvae
(Fig. 3). Our results agree with the study by Narasimhan et al. (12) on I. scapularis where
larvae that had taken a blood meal from mice had a higher bacterial microbiome diver-
sity than unfed larvae. In summary, the ingestion of the larval blood meal stimulates
bacterial multiplication in the gut and other tissues (51, 70), which appears to eliminate
the effects of dysbiosis in Ixodes larvae and returns the bacterial microbiome of Ixodes
nymphs to a more diverse and steady state.

Dysbiosis has no effect on vector competence of I. ricinus for B. afzelii. A grow-
ing number of studies have investigated whether “dysbiosing” ticks influences their
susceptibility to acquiring tick-borne pathogens (8, 11-13). In some systems, bacterial
microbiome disruption makes tick species more susceptible to infection with tick-borne patho-
gens (8, 13), whereas other systems revealed the opposite effect (11, 12). In the present study,
we found no evidence that manipulation of the larval bacterial microbiome influenced vector

September 2021 Volume 87 Issue 18 e00641-21

Applied and Environmental Microbiology

aem.asm.org

12


https://aem.asm.org

Borrelia Changes the Tick Microbiome

competence of I. ricinus for B. afzelii, as there was no effect on either the nymphal infection
prevalence (NIP) or the nymphal spirochete load. A power analysis found that our sample sizes
(~90 per group) were large enough that a 20% difference in the NIP between the control and
dysbiosed groups would have been flagged as statistically significant. Similarly, the fact that
we detected a statistically significant doubling of the nymphal spirochete load (caused by
washing the nymphs with ethanol prior to DNA extraction) indicates that our study had more
than sufficient statistical power to detect subtle effects of our treatments on this aspect of vec-
tor competence.

The study by Narasimhan et al. (12) on I. scapularis investigated the effect of dys-
biosing larvae on vector competence for Borrelia burgdorferi sensu stricto by comparing
the spirochete loads between pools of engorged dysbiosed larvae and pools of control
larvae after feeding them on infected mice. This study did not measure nymphal infec-
tion prevalence, but it found that the mean spirochete load was significantly lower in
pools of engorged dysbiosed larvae than in pools of engorged control larvae (12), sug-
gesting that dysbiosis of I. scapularis larvae reduced vector competence for B. burgdor-
feri sensu stricto. The study by Narasimhan et al. (12) and our study differed in several
factors, including the Borrelia species, the Ixodes tick species, the method of dysbiosis,
and the stage at which vector competence was measured (engorged larvae versus
nymph). An important aspect of the present study is that we investigated whether dys-
biosis of the larvae influenced the infection status of the nymphs, which is the stage
that determines the risk of Lyme borreliosis in nature (72). Future studies investigating
the effects of the tick microbiome on vector competence (i.e., the ability to acquire
and transmit tick-borne pathogens) should measure this trait in the epidemiologically
relevant stage.

B. afzelii infection in the mouse structures the bacterial microbiome of I. ricinus
nymphs. Infection with B. afzelii reduced the bacterial abundance (i.e., 16S rRNA gene
copy number) in the nymphs by 41.1% (see section 9 in the supplemental material for
details), and it reduced the log,,-transformed 16S rRNA to calreticulin gene ratio, but
the effect was only significant in the nymphs washed with ethanol prior to DNA extraction
(Fig. 2Q). Infection with B. afzelii also had a dramatic effect on the bacterial microbiome in
the unfed nymphs (Fig. 3 to 6). The effect of B. afzelii infection differed among bacterial taxa
(Fig. 6); the relative abundance increased significantly for many Betaproteobacteria (genera
included Burkholderia, Variovorax, and Ralstonia), whereas it decreased significantly for many
Gammaproteobacteria (genera included Stenotrophomonas, Pseudomonas, and Rahnella).
The study by Narasimhan et al. (12) demonstrating that dysbiosis of I. scapularis larvae
reduced their vector competence for B. burgdorferi sensu stricto did not investigate whether
infection with B. burgdorferi sensu stricto influenced the bacterial microbiome in the
engorged |. scapularis larvae. However, a study with the tick-borne bacterial pathogen
Anaplasma phagocytophilum in I. scapularis demonstrated that infection had a dramatic
effect on the bacterial microbiome of the nymphal tick (8). A study on field-collected /. pacif-
icus nymphs found that B. burgdorferi infection increased the diversity of the bacterial micro-
biome, but these differences were driven by the host species of the larval blood meal rather
than the pathogen (69). A recent study on the midgut bacterial microbiome of field-col-
lected 1. scapularis ticks reported a negative association between the abundance of certain
taxa and infection with B. burgdorferi, which led the authors to speculate that these taxa
may reduce vector competence (29). Our study suggests that the causality is the other way
around, B. afzelii infection in the vertebrate host changes the relative abundance of other
members of the tick bacterial microbiome.

Our study found that mouse infection status was more important than tick infection
status for explaining variation in the bacterial microbiome of /. ricinus nymphs (Fig. 5).
This result suggests that the blood physiology at the time of the larval blood meal was
critical for structuring the bacterial microbiome in the resultant nymphs. Metabolomic
studies of mouse serum samples have shown that B. burgdorferi sensu stricto infection
changes the blood concentrations of amino acids, energy metabolites, and aromatic
compounds (73), which could influence the development of the tick bacterial micro-
biome. Infection with B. burgdorferi sensu lato stimulates the host immune system,
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which could also exert collateral damage on the tick bacterial microbiome (74-77). For
example, elevated levels of complement, cytokines, leukocytes, and reactive oxygen species in
the blood (77-80) may interact inside the tick to have negative effects on the midgut bacterial
microbiome. An alternative explanation is that B. afzelii changed the microbiome of the mouse
skin and that larvae that fed on infected mice were exposed to different mouse skin-associ-
ated bacteria than the larvae that fed on control mice. Borrelia afzelii lives in the skin of its
rodent host, where it presumably interacts with the host immune system (81, 82), and such
interactions can have important effects on the skin microbiome of the host (83, 84). Future
studies should investigate whether infections with tick-borne pathogens affect the skin micro-
biome of the host and the microbiome of the ticks that feed on this skin. In summary, our
study suggests that the physiological and immunological changes associated with infection in
the vertebrate host have important consequences for the bacterial microbiome of feeding
ticks.

The structure of controlled infection experiments inevitably suggests that the
infected state is abnormal compared to the uninfected control state. In nature, by con-
trast, the parasite-free state is rare, and the infected state is often the norm for wildlife
(85). In areas of North America where Lyme borreliosis is endemic, the white-footed
mouse (Peromyscus leucopus) is an important reservoir host for both B. burgdorferi
sensu stricto and immature /. scapularis ticks (86, 87). Field studies have shown that the
majority of P. leucopus mice are infected with B. burgdorferi sensu stricto in late
summer, which is the time of peak activity of host-seeking I. scapularis larvae (88-91).
Similar studies on populations of rodent reservoir hosts in Europe have found that a
substantial percentage of individuals are infected with B. afzelii (92-94). In these areas
of endemicity for Lyme borreliosis, Ixodes larvae are more likely to feed on an infected
rodent host than on an uninfected host, suggesting that the B. burgdorferi sensu lato-
shifted microbiome that we observed in our I. ricinus nymphs may be the norm rather
than the exception. Even in areas where Ixodes ticks are common but Lyme borreliosis
is not, rodent reservoir hosts are riddled with other pathogens and parasites (95-97).
In summary, infected hosts, infected ticks, and infected microbiomes are the rule rather
than the exception in nature.

External bacterial microbiome of I. ricinus ticks. We expected the external cuticle
of I. ricinus ticks to harbor a bacterial microbiome, as shown in other tick species (29,
48). Ixodes scapularis ticks have an external bacterial microbiome as demonstrated by
16S rRNA amplicon sequencing of the distilled water used to wash the ticks (29). Our
study suggests that the ethanol washing treatment of the /. ricinus nymphs prior to
DNA extraction removed at least some of the bacteria associated with the external cu-
ticle. First, the total bacterial abundance (as measured by 16S rRNA gene copy number)
was lower in the nymphs washed with ethanol prior to DNA extraction than in the
unwashed nymphs, although one curious result was that this effect was highly signifi-
cant for the B. afzelii-infected group but not the control group (Fig. 2C; see also section
9 in the supplemental material). Second, washing the nymphs with ethanol prior to
DNA extraction increased the abundance of tick calreticulin and B. afzelii flagellin
genes (see sections 7 and 9 in the supplemental material) as well as the relative abun-
dance of endosymbiotic bacteria such as “Candidatus Midichloria mitochondrii” and
Spiroplasma. Thus, the removal of external bacteria by the ethanol washing treatment
in combination with our approach of standardizing the DNA concentration increased
the abundance of tick calreticulin gene and internal bacteria (e.g., B. afzelii and
“Candidatus Midichloria mitochondrii”) in the qPCRs and the 16S rRNA amplicon
sequencing. A recent study demonstrated that if the goal is to study the internal micro-
biome of ticks, the gold standard for removing cuticular bacterial DNA prior to DNA
extraction is to wash the ticks with bleach rather than ethanol (48).

Limitations of our study. Our study had several important limitations. Borrelia
burgdorferi sensu lato resides in the midgut of immature Ixodes ticks (39-41), where it
presumably interacts with the midgut microbiome (4, 6, 12). One limitation is that we
investigated whole ticks (i.e., pools of larvae or individual nymphs), which combines
the microbiomes from different tick tissues, including the midgut, ovaries, Malphigian
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tubules, and cuticle (6). An improvement would be to dissect the internal viscera and
investigate the microbiome in the tick midgut, as others have done (29, 31). A second
limitation is that we did not include water-only controls during the DNA extraction to
identify bacteria that are environmental contaminants (29, 48, 49). DNA extraction kits
often contain contaminating bacteria belonging to the genera Methylobacterium,
Burkholderia, Mesorhizobium, and Bradyrhizobium (49, 50, 52), and these three genera
were all found in the present study. We also found that egg surface sterilization signifi-
cantly increased some of these taxa in the bacterial microbiome of the larvae
(Methylobacterium) and nymphs (Burkholderia and Bradyrhizobium). The explanation
for this phenomenon is that if egg surface sterilization decreases the abundance of
bacteria associated with the surface of the eggs, the relative abundance of bacterial
contaminants associated with DNA extraction will increase in our 16S rRNA amplicon
library. A study on the microbiome of I. scapularis ticks found that their water-only con-
trols contained 178 OTUs that were subsequently eliminated from the downstream
analyses (29). Many of the less common OTUs in our study (the genera in the bottom
half of Fig. 3) appear to be abundant in a few nymphs, which suggests that they are
environmental contaminants rather than true members of the tick microbiome.

Conclusions. In summary, we found that egg surface sterilization (with 10% bleach
and 70% ethanol) resulted in a 28-fold reduction of the bacterial microbiome of /. rici-
nus larvae. This bacterial microbiome manipulation had no effect on the ability of lar-
vae to acquire B. afzelii after feeding on infected mice. Once the engorged larvae had
molted into unfed nymphs, the dramatic effect of the egg bleaching treatment on the
tick bacterial microbiome had mostly disappeared. The B. afzelii infection status of the
mice that provided the larval blood meal had a dramatic effect on the bacterial micro-
biome of the resultant unfed nymphs. Our study suggests that infection in the verte-
brate host influences the quality of the larval blood meal with long-term consequences
for the tick bacterial microbiome that persist into the nymphal stage.

MATERIALS AND METHODS

Borrelia, ticks, and mice. We used B. afzelii strain NE4049, which was isolated from an . ricinus
nymph at a field site near Neuchatel, Switzerland. This strain has multilocus sequence type ST679, ospC
major group allele A10, and strain identification number 1887 in the Borrelia multilocus sequence type
(MLST) database. We used strain NE4049 because it is highly infectious for both mice and ticks (98-100).
Pathogen-free, female Mus musculus BALB/c ByJ) mice were used as the vertebrate reservoir host. For the
tick bacterial microbiome manipulation, we decided to work with field-collected /. ricinus ticks, because
they have a more diverse bacterial microbiome than laboratory colonies of /. ricinus (101). To account for
natural variation in the tick bacterial microbiome, we used offspring from 10 engorged adult female ticks
that had been collected from wild roe deer (Capreolus capreolus) captured in the Sylve d’Argenson forest
near Chizé, France.

Phytotron conditions. Ticks were housed in a phytotron for egg laying and development. The phy-
totron had a cycle of 16 h of light at 25°C and 8 h of darkness at 18°C. High relative humidity was main-
tained by keeping ticks in individual Eppendorf tubes that contained a piece of moistened paper towel.

Approval of animal use protocols. Ixodes ricinus ticks were collected from roe deer in strict accord-
ance with the recommendations of the French National Charter on the ethics of animal experimentation
and the Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on
the protection of animals used for scientific purposes. The Comité d’Ethique en Expérimentation
Animale de I'Université Claude Bernard Lyon 1 approved the animal use protocol (CEEA-55; DR2014-09).

The experimental infection part of the study was in accordance with the Swiss legislation on animal
experimentation. The commission that is part of the Service de la Consommation et des Affaires
Vétérinaires (SCAV) of the canton of Vaud, Switzerland, evaluated and approved the ethics of this study.
The SCAV of the canton of Neuchatel, Switzerland, issued the animal experimentation permits for the
study (NE04-2014) and for the maintenance of the I ricinus tick colony on vertebrate hosts at the
University of Neuchatel (NE05-2014).

Surface sterilization of I. ricinus eggs. Studies on insects have shown that sterilizing the surface of
eggs is highly effective at decreasing the bacterial microbiome in the larvae (62-65, 102). These treat-
ments typically apply bactericidal solutions such as 10% bleach or 70% ethanol to the insect eggs for a
few minutes to kill the bacteria on the outer surface of the eggs (62-65, 102). We performed a pilot
study to confirm that our egg surface sterilization treatments had no negative effect on the hatching
success of . ricinus larvae (66). For the immature . ricinus ticks in the present study, we also showed that
the egg bleaching treatment had no detectable impact on five life history traits (or fitness traits) that we meas-
ured, including (i) engorged larval weight, (i) unfed nymphal weight, (jii) larva-to-nymph molting success, (iv)
larva-to-nymph molting time, and (v) immature tick survival (66). Thus, we are confident that our egg surface
sterilization treatment did not exert strong selection on the immature /. ricinus ticks in this study.
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The experimental design of the study is shown in Fig. 7 and was described previously (66). Each of the
10 engorged adult female |. ricinus ticks (mentioned above) laid their clutch of eggs in the phytotron, and
each clutch contained thousands of eggs. At 4 weeks after laying, the eggs in each clutch were teased
apart using a fine paint brush on a piece of Whatman filter paper to increase the efficacy of the egg sur-
face sterilization treatment. For each of the 10 clutches, the teased-apart eggs were split into two batches
(total of 20 batches) that were assigned to either a surface sterilization treatment or a control treatment at
4 weeks after laying (Fig. 7). In the surface sterilization treatment, eggs were bathed in a 10% bleach solu-
tion for 5 min, bathed in a 70% ethanol solution for 3 min, and rinsed with distilled water (dH,0) for 3 min.
In the control treatment, eggs were bathed in dH,O for 5 min, bathed in dH,0 for 3 min, and rinsed with
dH,O for 3 min. We chose this control treatment to separate the mechanical disturbance of bathing and
rinsing from the bactericidal effects of bleach and ethanol on the abundance of the bacteria associated
with the egg surface. The eggs were left to hatch into larvae in the phytotron. There were no noticeable
differences in hatching success between the surface-sterilized eggs and the control eggs. As previously
mentioned, transovarial transmission of B. burgdorferi sensu lato does not occur (35-37), and for this rea-
son, we did not test the adult female ticks or their larvae for infection with B. burgdorferi sensu lato.

Dysbiosed and control larvae fed on mice to generate nymphs. For clarity, the terms dysbiosed
larvae and control larvae refer to the larvae that hatched from the surface-sterilized eggs and control
eggs, respectively. The term tick family refers to the offspring that were derived from the same female
adult tick; tick family is an experimental block in our study. To test whether the egg surface sterilization
treatment had reduced the larval bacterial microbiome, ~200 dysbiosed larvae and ~200 control larvae
were set aside and frozen at 6 weeks after hatching for each of the 10 tick families. To test whether the
larval bacterial microbiome interacts with B. afzelii, the 20 batches of remaining larvae were split into
two groups that were assigned to feed on either a B. afzelii-infected mouse (n =20 infected mice) or on
an uninfected control mouse (n=20 control mice) at 6 weeks after hatching (Fig. 7). These mice had
been infected with B. afzelii via nymphal tick bite; the uninfected control mice had been bitten by unin-
fected nymphs (see section 1 in the supplemental material for details). The engorged larvae were placed
in individual Eppendorf tubes and left to molt into nymphs in the phytotron. Thus, for each of the 10
tick families, we obtained nymphs from 4 different treatments: (i) control larvae fed on uninfected mice,
(i) control larvae fed on infected mice, (iii) dysbiosed larvae fed on uninfected mice, and (iv) dysbiosed
larvae fed on infected mice. Four weeks after the larva-to-nymph molt, 9 to 10 nymphs were randomly
selected from each mouse and were frozen at —80°C (Fig. 7) for a total of 370 nymphs (10 families x 2
egg surface treatments x 2 mouse infection statuses x 9 to 10 nymphs/mouse).

Molecular methods for larvae. The dysbiosed larvae and control larvae frozen at 6 weeks after hatch-
ing were split into two pools (~100 larvae per pool): one pool was washed with ethanol prior to DNA
extraction and the other pool was not washed (10 families x 2 egg surface treatments x 2 washing
treatments =40 pools). The ethanol washing treatment of the larvae consisted of the following steps: bathe
in 100% ethanol for 10 min, rinse with 1x phosphate-buffered saline (PBS) for 5 min, bathe in 100% ethanol
for 5min, and dry at room temperature. The motivation for washing ticks prior to DNA extraction was to
remove contaminating bacteria acquired from the external environment (29, 48). DNA extraction of the 40
pools of larvae was performed using a Qiagen kit according to the manufacturer’s instructions. The DNA of
each pool was eluted into 100 ul of distilled water, and the DNA concentration was measured using a
NanoDrop. Two gPCR assays were performed independently for each pool: tick calreticulin and bacterial
16S rRNA genes (see section 2 in the supplemental material for details). The DNA concentration of each
pool of larvae was adjusted to 5 ng/ul; each gPCR contained 3 ul of template for a total of 15 ng of DNA.

Molecular methods for nymphs. For the 370 /. ricinus nymphs, the DNA extractions were performed
using individual nymphs. Prior to the DNA extraction of the individual nymphs for each mouse, half of the
nymphs were randomly selected to be washed with ethanol to remove bacteria from the external cuticle
(29), and the remaining nymphs were not washed. The ethanol washing treatment of the nymphs was
identical to that described for the larvae. DNA extraction was performed using a Qiagen kit according to
the manufacturer’s instructions. The DNA of each nymph was eluted into 65 ul of distilled water, and the
DNA concentration was measured using a NanoDrop. Three qPCR assays were performed independently
for each DNA extraction: tick calreticulin gene, bacterial 16S rRNA gene, and B. burgdorferi sensu lato flagel-
lin gene (see section 2 in the supplemental material for details). The DNA concentration of each nymph
was adjusted to 5ng/ul; each qPCR contained 3 ul of template for a total of 15ng of DNA. The DNA con-
centration was too low for 14 of the 370 nymphs, and the final sample size was 356 nymphs.

Illumina library preparation and sequencing of the 16S rRNA gene. lllumina sequencing was per-
formed for 40 pools of larvae (36 pools of larvae were duplicated for a total of 76 samples) and 308 individual
nymphs (total of 384 samples; see section 3 in the supplemental material for details). Sample preparation
consisted of two PCRs. In the first reaction, we amplified a 464-bp fragment of the V3-V4 region of the 16S
rRNA gene using primers Bakt_341F (5'-CCTACGGGNGGCWGCAG-3") and Bakt_805R (5'-GACTACNVGGGT
ATCTAATCC-3') (103), synthesized with lllumina adapters. Reactions were performed in a final volume of
50 ul using 2.5 U of HotStar HiFidelity DNA polymerase (Qiagen, Germany), 2.5 ul of 10 uM primers, 10 ul of
15 uM deoxynucleoside triphosphate (dNTP) mix, with a thermal cycle with a denaturation step of 95°C for
5min, 45 cycles of 94°C for 155, 51°C for 455, and 72°C for 45 s, and a final elongation step at 72°C for 7 min.
Amplicons were purified with the Wizard SV gel and PCR clean-up system (Promega, Switzerland).

The second PCR incorporated the sample barcodes. Reactions were performed in a final volume of
25 pul using 1.25 U of HotStar HiFidelity DNA polymerase, 1 ul of 10 uM primers, and 5 ul of 15 uM dNTP
mix. The thermocycler had a denaturation step of 95°C for 5 min, 12 cycles of 95°C for 30's, 55°C for 305,
and 72°C for 30s, and a final elongation step of 72°C for 5min; amplicons were purified as described
above. The 384 purified amplicons were pooled in equimolar concentrations using a Qubit 2.0
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FIG 7 Experimental design of the study. Engorged adult female I. ricinus ticks (n=10) were collected from roe deer
captured in the Chizé forest, France, and laid their eggs in a phytotron. Each of the 10 egg clutches (for simplicity, only 1
egg clutch is shown) was split into two batches; one batch of eggs was surface sterilized (10% bleach and 70% ethanol)
and hatched into dysbiosed larvae, and the other batch of eggs received a control treatment and hatched into control
larvae. To determine whether the egg surface sterilization treatment reduced the bacterial microbiome, dysbiosed larvae
and control larvae were frozen at 6 weeks after hatching for each of the 10 tick families. DNA was extracted from pools of
larvae that were either rinsed with ethanol or not prior to DNA extraction (10 families x 2 egg surface treatments x 2
washing treatments prior to DNA extraction=40 pools of larvae). These 40 pools of larvae were tested for bacterial
abundance using 16S rRNA qPCR and for their bacterial microbiome using Illumina amplicon sequencing of the 16S rRNA
gene. The remaining larvae for each of the 20 batches (10 tick families x 2 egg surface treatments) were split into two
groups of ~100 larvae (total of 40 groups) that were fed on either an uninfected control mouse (n=20) or a B. afzelii-
infected mouse (n=20). Engorged larvae were placed in individual Eppendorf tubes and left to molt into nymphs in a
phytotron. Four weeks after the larva-to-nymph molt, 9 to 10 nymphs were randomly selected from each of the 40 mice
and frozen at —80°C (n=370 nymphs). DNA was extracted from individual nymphs that were either rinsed with ethanol
or not prior to DNA extraction; 356 nymphs provided enough DNA for further analysis. The DNA extractions from these
individual nymphs were tested for B. afzelii infection and for bacterial abundance using qPCR assays targeting the
flagellin gene and the 16S rRNA gene, respectively. The tick calreticulin gene copy number (estimated via qPCR) was used
to standardize the copy numbers of the flagellin gene and the 16S rRNA gene. The bacterial microbiome of the individual
nymphs (n=308) was studied using lllumina amplicon sequencing of the 16S rRNA gene. This figure was created using
BioRender.
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fluorometer (Invitrogen) and sequenced by Microsynth (Balgach, Switzerland) using an Illumina MiSeq
v2 with 250-bp paired-end output followed by adaptor and quality trimming.

Statistical methods. (i) Statistical software. We used R/Bioconductor (v 3.4.2 or above) for statistical
analyses, including the Ime4, complexHeatmap, phyloseq, vegan, and DeSeq2 packages (104-108).

(ii) Analysis of the bacterial load in the larvae. We analyzed the log, transformed ratio of the bacterial
16S rRNA gene copy number to the tick calreticulin gene copy number, log,, (16S rRNA/calreticulin gene ratio),
for each of the 40 pools using linear mixed-effects models (LMM:s). Fixed factors included egg surface treatment
(2 levels: water and bleach), washing of larvae prior to DNA extraction (2 levels: none and ethanol), and their inter-
action. Tick family represents an experimental block and was included as a random factor.

(iii) Analysis of the bacterial load in the nymphs. We analyzed the log,, (165 rRNA/calreticulin
gene ratio) of each nymph using LMMs. Fixed factors included egg surface treatment (2 levels: water and
bleach), B. afzelii infection status of the mouse (2 levels: uninfected, infected), washing treatment prior to DNA
extraction (2 levels: none and ethanol), and their interactions. The random effects included mouse identity
nested inside tick family.

(iv) Analysis of the B. afzelii infection prevalence in the nymphs. This analysis was restricted to
the subset of nymphs that had fed as larvae on the B. afzelii-infected mice. We used a proportion test to
compare vector competence (ability of nymphs to acquire B. afzelii infection during the larval blood
meal) between dysbiosed and control larvae. The nymphal infection status (0 = uninfected; 1 = infected)
was also analyzed using generalized linear mixed-effects models (GLMMs) with binomial errors. Fixed
factors included egg surface treatment, washing treatment prior to DNA extraction, and their interac-
tion. The random effects included mouse ID nested inside tick family.

(v) Analysis of the B. afzelii spirochete load in the nymphs. This analysis was restricted to the sub-
set of nymphs that were infected with B. afzelii. We analyzed the log,, (flagellin/calreticulin gene ratio)
of each nymph using LMMs. Fixed factors and random factors were the same as for the analysis of the B.
afzelii infection prevalence.

(vi) Analysis of 16S rRNA amplicons. For sequence analysis, there were a total of 346 unique tick
samples: 40 pools of larvae and 306 individual nymphs (2 of the 308 nymphs did not provide enough
reads). We had performed duplicate sequencing for 36 of the 40 pools of larvae; we therefore summed
the reads across the duplicates (i.e., 76 samples were collapsed into 40 pools of larvae). Because of lim-
ited overlap between the 250-bp read ends, we decided to use a strategy of picking operational taxo-
nomic units (OTUs) that did not require first assembling paired-end reads into contigs. We generated
OTU tables using the CD-HIT-OTU-Miseq workflow (109) packaged with CD-HIT v 4.6.8. Forward and
reverse read lengths were specified at 200 bp and 150 bp and clustered against the SILVA 132 99% OTU
release (110), otherwise using default parameters that included using Trimmomatic for read trimming
(111). This identified 10,454 OTUs, although most reads (93.6%) were recruited to the 100 most abun-
dant OTUs. It also assigned taxonomy to only 926 OTUs (<10%); for more robust taxonomic assign-
ments, we applied Metaxa2 v2.2 (112) to the representative sequences for each OTU identified by CD-HIT
using default parameters and the included reference database in Metaxa2. This identified 7,550 OTUs as bacte-
rial and provided taxonomies that were largely congruent with CD-HIT assignments, where evaluable; subse-
quent analyses were restricted to this bacterial OTU set. For some common OTUs in our 16S rRNA library, we
used CD-HIT annotations and manual BLAST searches to annotate the lower taxonomic levels (e.g., genera) if
these were not provided by Metaxa2.

We calculated the Shannon index, a popular diversity index in the microbiome literature, for each
sample using phyloseq. We applied principal-coordinate analysis (PCoA) and distance-based redundancy
analysis (db-RDA), both based on Bray-Curtis dissimilarities, to the relative abundances of the OTUs to
summarize the main dimensions in the community structure of the bacterial microbiome. db-RDA is
related to principal-component analysis (PCA) but extends to non-Euclidean distances between objects
(via PCoA) and allows hypothesis testing through linear modeling and permutation testing using redun-
dancy analysis (RDA). In addition to db-RDA, we analyzed the first principal coordinate from PCoA as a
response variable in LMMs with the same fixed effects and random effects as described previously. We
used the phyloseq and vegan packages in R (>v. 3.4.2) for multivariate analysis, and phyloseq/DESeq2
to identify differentially abundant OTUs across conditions (as detailed in Results). In analyses using
DESeq2 and db-RDA, tick family was included as a fixed factor (DESeq2) or a conditioning variable (db-
RDA). We evaluated the reliability of our replicated sequencing/analysis approach on the same pools of
larvae via the variance explained by sample in db-RDA and the intraclass correlation coefficient for
Shannon diversity (see section 4 in the supplemental material for details).

Data availability. Raw sequence reads have been deposited under NCBI BioProject PRINA732915.
Processed data to reproduce other portions of the analysis are available upon request to the corre-
sponding author (M.J.V.).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.
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